Abstract This study examines the contribution of GABAergic inhibition to the discharge pattern and recovery properties of 110 bat inferior collicular neurons by means of bicuculline application to their recording sites. When stimulated with single pulses, 74 (67%) neurons discharged one or two impulses (phasic responders), 19 (17%) discharged three to ten impulses (phasic bursters) and 17 (16%) discharged impulses throughout the entire stimulus duration (tonic responders). Bicuculline application changed phasic responders into phasic bursters or tonic responders, increased the number of impulses by 10±2000% and shortened the response latency of most neurons. When stimulated with pairs of sound pulses, the recovery cycles of these neurons can be described as: (1) long inhibition (n = 49, 45%); (2) short inhibition (n = 41, 37%); and (3) fast recovery (n = 20, 18%) based upon the 50% recovery time that was either longer than 20 ms, between 10 and 20 ms or shorter than 10 ms. Bicuculline application shortened the 50% recovery time of most neurons by 11±2350% allowing them to respond to pairs of sound pulses at very short interpulse intervals. These data demonstrate that GABAergic inhibition contributes signi®cantly to auditory temporal processing.
Introduction
The recovery cycle of auditory neurons is an important neuronal property which determines a neuron's ability to respond to pairs of sound pulses presented at short interpulse intervals. This property is particularly important for bats, which emit intense orientation pulses and listen to the returning echoes to extract information about targets. The recovery cycles and temporal resolution capabilities of auditory neurons underlie the bat's ability to determine the target distance. Past studies of recovery cycles of auditory neurons in bats have been conducted by recording evoked potential or single neuron responses to identical or pulse-echo pairs (Friend et al. 1966; Grinnell 1963; Pollak et al. 1977a,b; Suga 1964 Suga , 1970 Suga and Schlegel 1973) . These studies showed that recovery cycles of neurons varied with stimulus duration, frequency, and intensity. For example, inferior collicular neurons have longer recovery cycles when stimulated with short duration pulses (1±2 ms) than with longer-duration pulses (3.4±4.0 ms) (Pollak et al. 1977a) . Collicular neurons also have shorter recovery cycles when stimulated with two identical pulses than with pulse-echo pairs (Friend et al. 1966; Grinnell 1963; Suga 1964; Suga and Schlegel 1973) .
In the ascending auditory pathway, the inferior colliculus is an obligatory station which receives excitatory and inhibitory inputs from all lower auditory nuclei (Adams 1979; Adams and Mugnaini 1984; Casseday and Covey 1992 Casseday 1986, 1995; Massopust and Ordy 1962; Oliver et al. 1994; Pollak and Casseday 1989; Roberts and Ribak 1987 a, b; Rockel and Jones 1973; Saint Marie et al. 1989; Schneiderman and Oliver 1989; Zook and Casseday 1987; Zook et al. 1985) . The inferior colliculus also receives descending inputs from the auditory cortex through the cortico-collicular pathways (Hefti et al. 1995; Human and Henson 1990; Syka et al. 1988) . These excitatory and inhibitory inputs contribute importantly to auditory temporal processing in this nucleus . Previous studies have shown that iontophoretic application of GABA to the inferior colliculus inhibited spontaneous or noise-evoked activity and decreased the number of impulses of recorded neurons. In contrast, application of bicuculline, which is an antagonist for GABAA receptors (Bormann 1988; Cooper et al. 1982) , increased the number of impulses dramatically, changed the discharge patterns and response latency of recorded neurons (Ebert and Ostwald 1995; Faingold et al. 1989 Faingold et al. , 1991 Palombi and Caspary 1992; Park and Pollak 1993 a,b; Vater et al. 1992; Yang et al. 1992) .
To explore the dynamic aspect of auditory temporal processing in the inferior colliculus, this study examines the role of GABAergic inhibition in shaping the ability of the bat's inferior collicular neurons with dierent temporal discharge patterns and recovery cycles to encode rapidly repeating pairs of sound pulses. We hypothesize that if the GABAergic inhibition is one of the determinant factors for a neuron's recovery cycle, then GAGAergic disinhibition should greatly shorten the neuron's recovery cycle. We report here that iontophoretic application of bicuculline to recording sites not only shortened the recovery cycles and response latency but also changed the discharge pattern and the number of impulses of more than two-thirds of inferior collicular neurons studied.
Materials and methods
A total of 18 (7 females, 11 males) Eptesicus fuscus, [body weight (b.w.) 14±24 g] were used for this study. The procedures for surgery and recording were basically the same as in previous studies (Jen et al. 1987 (Jen et al. , 1989 Kamada et al. 1992 ). Brie¯y, 1 or 2 days before the recording session, the¯at head of a 1.8-cm nail was glued onto the exposed skull of each Nembutal-anesthetized (45±50 mg á kg A1 b.w.) bat with acrylic glue and dental cement. Before recording, the bat was administered the neuroleptanalgesic Innovar-vet (0.08 á mg á kg A1 b.w. of fentanyl, 4 mg á kg A1 b.w. of droperidol) to avoid the suppressive eect of Nembutal on higher-order neurons (Aitkin and Prain 1974; Kuwada et al. 1989) . The bat was then tied onto an aluminum plate with a plastic band inside a sound-proof room (temperature 28±30°C) and its head was immobilized by ®xing the shank of the nail into a metal rod with a set screw (Suga and Schlegel 1972) . The ceiling and inside walls of the room were covered with 3-inch convoluted polyurethane foam to reduce echoes. Additional doses were administered during later phases of recording when necessary. A local anesthetic (Lidocaine) was applied to the open wound area. The bat's head was oriented such that the eye-snout line pointed to 0°in azimuth and 0°in elevation with respect to the frontal auditory space (Jen et al. 1989; Shimozawa et al. 1984) . Small holes were bored in the skull above the inferior colliculus for insertion of electrodes to record sound activated neural activities.
The electronic instruments used to generate acoustic stimuli were the same as those used in recent studies (Jen et al. 1987 (Jen et al. , 1989 Kamada et al. 1992) . Brie¯y, continuous sine waves from an oscillator (KH model 1200) were formed into 3-ms tone pulses (0.5-ms rise-decay times) by a homemade tone-burst generator (electronic switch) driven by a stimulator (Grass S88). The 3-ms tone pulses were ampli®ed after passing through a decade attenuator (HP 350D) before being fed into a small condenser loudspeaker (AKG model CK 50, 1.5 cm diameter). The loudspeaker was calibrated with a 1/4 inch B and K microphone (4135) positioned at the bat's ear. Output was expressed in dB SPL referred to 20-lPa root mean square. A frequency characteristics curve was plotted for the loudspeaker to determine the maximal available stimulus intensity at each frequency. Two independent sets of instruments were available to produce pulse-echo pairs for stimulation. Downward sweeping frequency modulated (FM) signals were generated by means of ramp signals, when necessary.
Piggy-back multibarrel glass microelectrodes were used to record acoustically evoked single neuron responses and to inject drugs iontophoretically to the recording site (Havey and Caspary 1980) . Each multi-barrel electrode was composed of a three-barrel electrode (tip: 10±15 lm)``piggybacked'' to a 3 mol á l A1 KCl singlebarrel electrode (tip: less than 1 lm; impedance: 5±10 MW) whose tip was extended about 10 lm from the tip of the three-barrel electrode. The 3 mol á l A1 KCl single-barrel recording electrode was connected by a silver wire to an ampli®er (HP 465A) followed by an electronic ®lter (KH 3500). One of the barrels of a triple-barrel electrode was ®lled with bicuculline methiodide (10 mmol á l A1 in 0.16 mol á l A1 NaCl, pH 3.0). The bicuculline was prepared just prior to each experiment and the electrode ®lled immediately before use. This bicuculline channel was connected via silver-silver chloride wire to a microiontophoresis constant current generator (Medical Systems Neurophore BH-2) which was used to generate and monitor iontophoretic currents. During bicuculline application, a 1-s pulse of 40 nA at 0.5 pulses per second (pps) was applied for 1 min before data acquisition. Application current was then changed to 10 nA during data acquisition. The other two barrels were ®lled with 1 mol á l A1 NaCl (pH 7.4), one of which was used as the ground and the other as the balanced barrel. The balance electrode was connected to balance module. The retaining current was negative 8±10 nA.
To determine any potential artifacts due to passing current or low pH values, the balanced barrel was ®lled with 1 mol á l A1 NaCl (pH 3.0) and the same amount of current used for bicuculline application was passed through the balanced barrel. Stimulus artifacts were considered negligible when the number of impulses of a neuron was aected by less than 10% before and after current application (Ebert and Ostwald 1995) . Otherwise, the data were discarded and a new electrode was used for the experiment. Data were also discarded when the impedance of the bicuculline-®lled electrode varied more than 20 MW before and after the recording, the tip of the three-barrel electrode broke when withdrawn from the recording site, or both tips of the single-and the three-barrel electrode separated from each other.
Acoustic stimuli were delivered at 2 pps from the loudspeaker which was attached to an aluminum arm at a distance of 29 cm from the bat's head. The loudspeaker was placed 30°contralateral to the recording site. During recording, the best frequency (BF) and minimum threshold (MT) of each isolated collicular neuron were ®rst determined audiovisually by systematically adjusting the intensity and frequency of the stimulus. At the MT, the neuron on average responded with 50% probability to a BF stimulus. After determining the response latency of an isolated neuron with BF pulses delivered at 30 dB above the neuron's MT, the MT was redetermined with FM pulses sweeping one octave downward across the neuron's BF. The neuron's recovery cycles were then studied either with a pair of identical FM or BF pulses of 80 dB SPL or with a pair of FM or BF pulses of 80±60 dB SPL depending upon which type of stimulus was most eective in evoking the neuron's response. Recovery cycles of collicular neurons were studied with the interpulse interval set at 5, 10, 15, 25, 50, 75 and 100 ms. Because the stimulus duration was 3 ms, there was no overlap at any interval. The neuron's number of impulses discharged to the ®rst and second (echo) pulse alone were also recorded.
The recording depth was read from the scale of a microdrive (David-Kopf). A common indierent electrode (silver wire) was placed at the nearby temporal muscles. Recorded action potentials were ampli®ed with conventional techniques and sent to a computer (Gateway 2000, 486) for acquisition of post-stimulus-time (PST) histograms (bin width: 500 ls, sampling period: 300 ms) and dot-raster patterns of the neuron's responses to 16 stimulus presentations. The PST histograms quantitatively describe the discharge pattern of each neuron in response to dierent stimuli. The total number of impulses in each PST histogram was used to quantify a neuron's response under each stimulus condition.
From each PST histogram, the number of impulses discharged to each presented pulse was determined by a special computer program. At longer interpulse intervals, the number of impulses to each presented pulse could be easily determined from the PST histogram. At short interpulse intervals, it was often dicult to distinguish a neuron's response to the second pulse from that to the ®rst pulse, in particular after bicuculline application to the recording site. In such cases, the number of impulses to the second pulse was determined by calculating the dierence between the total number of impulses discharged to the pair pulses and the number of impulses discharged to the ®rst pulse alone.
As in previous studies Covey 1995, 1996; Friend et al. 1966; Grinnell 1963; Suga 1964 Suga , 1970 Suga and Schlegel 1973) , the recovery cycle of a neuron was studied by plotting a recovery curve which shows the percentage recovery at each interpulse interval. When studied with identical pulses, the percentage recovery of a neuron at each interpulse interval was calculated by dividing the number of impulses discharged to the second pulse by the number of impulses discharged to the ®rst pulse. When stimulated with a pulseecho pair, the percentage recovery of a neuron at each interpulse interval was calculated by dividing the number of impulses discharged to the echo by the number of impulses discharged to the echo alone. The eect of GABAergic inhibition on a neuron's recovery cycle was determined by comparing the neuron's recovery curves obtained before and after the bicuculline application to its recording site. The eect of bicuculline often appeared immediately after application but reached a stabilized state within 5 min. Data acquisition was conducted when the eect of bicuculline was stabilized. Bicuculline application is considered to produce an eective change on a neuron's recovery cycle when the 50% recovery time and at least three data points of the neuron's pre-and post-drug recovery curves dier by more than 10%.
Results
A total of 110 inferior collicular neurons were isolated at depths between 281 and 2052 lm. Only 19 were spontaneously active (2±11 impulses s
A1
). The BFs, MTs and response latency of these 110 neurons were between 16.2 and 86.2 kHz; 1 and 68 dB SPL; and 6 and 19 ms, respectively. These neurons were tonotopically organized along the dorsoventral axis of the inferior colliculus according to their BFs and recording depths. High BF neurons tended to have high MTs and short response latencies. These ®ndings are similar to those obtained from previous studies on the same species of bat (Casseday and Covey 1992; Jen and Schlegel 1982; Jen et al. 1987; Pinheiro et al. 1991; Poon et al. 1990; Wu and Jen 1991) .
Recovery cycles were studied with identical 80±80 dB SPL pulse pairs in 62 neurons (FM pulses for 50 neurons and BF pulses for 12 neurons) and with 80±60 dB SPL pulse-echo pairs in 48 neurons (FM pulses for 38 neurons and BF pure tones for 10 neurons) before and after bicuculline application to their recording sites. For convenience, neurons in which recovery cycles were studied with identical pulse pairs are called P-P stimulated neurons and those studied with pulse-echo pairs are called P-e stimulated neurons.
Bicuculline application on neuronal responses
The discharge patterns of all 110 neurons studied can be described as phasic responders (P; n = 74, 67%), phasic bursters (PB; n = 19, 17%) or tonic responders (T; n = 17, 16%) as in previous studies (Jen and Schlegel 1982; Pollak et al. 1978) . When stimulated with 3-and 19-ms pulses, phasic responders always discharged 1±2 impulses (Fig. 1A) , whereas phasic bursters typically discharged 3±7 impulses (Fig. 1B) . In contrast, tonic responders discharged impulses throughout or longer than the duration of the presented pulses (Fig. 1C, D) . Table 1 shows the basic auditory response properties of these three types of neurons. It appears that more tonic responders were recorded at a depth of more than When stimulated with acoustic stimuli of 3 or 19 (not shown) ms, the phasic responder discharged 1±2 impulses (A) and the phasic buster discharged 3±10 impulses (B). In contrast, the tonic responder discharged impulses throughout the entire duration of the acoustic stimulus (C, D) . N: number of impulses discharged to 16 stimuli. The BF (kHz) and MT (dB SPL) of these three neurons were 59.9, 31 (A); 38.7, 33 (B) and 64.0, 52 (C, D). The stimulus intensity used to obtain these PST histograms was always 80 dB SPL. Bin width: 500 ls, sampling period: 300 ms. To highlight the discharge pattern, the sampling period beyond 50 ms is not shown 1000 lm and they tended to have higher BFs and MTs than the other two types of neurons.
When stimulated with 3-ms single pulses, bicuculline application to the recording sites of these neurons increased the number of sound-evoked impulses of 108 neurons by 10±2000% (65 neurons increased by more than 100%) and decreased the number of impulses of two tonic responders by 25 and 57%, respectively. Bicuculline application shortened the response latency of 49 (45%) neurons by 0.5±3.5 ms (phasic responders: n = 36, 1.2 0.9 ms; phasic bursters: n = 5, 0.6 0.2 ms; tonic responders: n = 8, 0.8 0.4 ms). The application also lengthened the response latency of 16 (15%) neurons by 0.5±3.5 ms (phasic responders: n = 11, 1.2 0.9 ms; phasic bursters: n = 3, 1.5 0.9 ms; tonic responders: n = 2, 0.8 0.4 ms). Whereas bicuculline application generally increased the response duration of all collicular neurons studied, the application did not change the response pattern of phasic bursters and tonic responders. However, the application changed 55 (74%) phasic responders into phasic bursters ( Fig. 2A, B) and 5 (7%) into tonic responders (Fig. 2C±F ).
Recovery cycles before and after bicuculline application Figure 3 . shows the responses of a representative collicular neuron to single pulses and to paired identical pulses at seven dierent interpulse intervals. This neuron discharged phasically to each presented pulse regardless of interpulse interval. Bicuculline application increased the neuron's number of impulses and response duration to each presented pulse at all interpulse intervals tested (right panel) such that the neuron's discharge pattern changed from a phasic responder into a phasic burster. The neuron's number of impulses discharged to each presented pulse varied with interpulse intervals to different degrees both before and after bicuculline application.
As described in Materials and methods, recovery cycles obtained before and after bicuculline application were plotted according to the number of impulses discharged to each presented pulse at each interpulse interval. The recovery cycle is expressed as percentage recovery at each interpulse interval. The 50% recovery times ranged from 2 to 98 ms among all recovery cycles plotted for the 110 collicular neurons studied before bicuculline application (i.e., pre-drug recovery cycles). Based upon the 50% recovery time, we classify the recovery cycles as long inhibition (LI) with the 50% recovery time longer than 20 ms (Fig. 4A ), short inhibition (SI) with the 50% recovery time between 10 and 20 ms (Fig. 4B) , and fast recovery (FR) with the 50% recovery time shorter than 10 ms (Fig. 4C) . Figure 5 shows the histogram distribution of these three dierent types of recovery cycles according to their discharge patterns. Although all three types of recovery cycles can be obtained from neurons with each speci®c discharge pattern, most neurons (82%) had LI or SI recovery cycles regardless of discharge pattern (Fig. 5) . into tonic responder (D, F) after bicuculline application such that this neuron discharged impulses with a duration longer than the presented pulses. N: total number of impulses in the histogram. Bin width: 500 ls, sampling period: 300 ms. To highlight the change in discharge pattern, the sampling period beyond 50 ms is not shown Bicuculline application to the recording sites of these neurons shortened (n = 79; Fig. 6 , Ab vs Aa), lengthened (n = 8; Fig. 6 , Bb vs Ba), or had no eect (n = 23; Fig. 6 , Ca vs Cb) on the recovery cycles of studied neurons. Shortening or lengthening the recovery cycle of a neuron after bicuculline application often changed the recovery cycle from one type into another. For example, bicuculline application changed the recovery cycle of the neuron shown in Fig. 3 from a SI type into a FR type. Table 2 shows the distribution of each type of recovery cycle before and after bicuculline application. Whereas all three types of recovery cycles were obtained from both P-P-and P-e-stimulated neurons, bicuculline application greatly decreased the number of neurons with a LI recovery cycle and increased the number of neurons with a FR cycle regardless of the type of stimuli (i.e., P-P or P-e) used. Bicuculline application proportionally aected more neurons with LI or SI recovery cycles than neurons with fast recovery cycles. Figure 7 . shows the distribution of the recording depth of collicular neurons according to whether or not their recovery cycles were aected by bicuculline application. Although all 87 neurons (BF: 16.2±86.2; mean: 38.2 14.9 kHz) whose recovery cycles were aected by bicuculline application were recorded along the entire dorso-ventral axis of the inferior colliculus, 64 (74%) were recorded at depths less than 1600 lm. In contrast, 16 (70%) of the 23 neurons (BF: 27.4±84.2; mean: 43.0 15.8 kHz) whose recovery cycles were not affected by bicuculline application were recorded at depths greater than 1200 lm.
According to the pre-drug discharge pattern, we compared the pre-drug and post-drug 50% recovery time of the neurons whose recovery cycles were aected by bicuculline application. Table 3 shows the average 50% recovery time of all neurons with dierent discharge patterns before and after bicuculline application. In spite of dierent discharge patterns, there is no signi®cant dierence in the 50% recovery time among these Fig. 3 PST histograms showing the discharge pattern of an inferior collicular neuron obtained with single pulses (top histogram of both columns) and with an identical pulse pair (BF pulses of 80±80 dB SPL, 3 ms duration with 0.5-ms rise-decay times) delivered at dierent interpulse intervals before (control, left column) and after (bicuculline, right column) iontophoretic application of bicuculline to the recording site. All stimuli were delivered at 30°contralateral to the neuron's recording site. In the top histogram of both columns, the number of impulses discharged to 16 single pulses is shown. In the remaining histograms, the number of impulses elicited by the ®rst and the second pulse in 16 presentations are shown. In the right upper corner of each histogram, the interpulse interval (ms) is shown by the upper number and the total number of impulses discharged to both presented pulses is shown by the lower number (N ). When the neuron's discharge to the ®rst and second pulses was inseparable, the neuron's discharge to the second pulse was calculated as the difference between the neuron's discharge to both pulses (i.e., N ) and its discharge to the ®rst pulse alone (shown at the top of each column). The BF (kHz) and MT (dB SPL) of this neuron was 39.5, 25. Bin width: 500 ls, sampling period: 300 ms. To save space, the sampling period beyond 140 ms is not shown neurons obtained either before or after bicuculline application. However, bicuculline application signi®cantly shortened the 50% recovery time of phasic responders (P < 0.01) and phasic bursters (P < 0.05) but not that of the tonic responders (P > 0.05, t-test, see Table 3 ).
We also compared the 50% recovery time before and after bicuculline application according to the pre-drug recovery cycles. Bicuculline application only signi®-cantly shortened the 50% recovery time of 41 collicular neurons with a long inhibition recovery cycle (Table 4) . Most of these neurons (91%) were either phasic responders (71%) or phasic bursters (20%).
Facilitated responses by the second pulse
To determine if a neuron's response is facilitated by the second pulse at a certain interpulse interval (pulse-echo delay), we plotted the total number of impulses of these neurons discharged to paired pulses (P-P or P-e) at each interpulse interval relative to the summation of the number of impulses discharged to the ®rst and second pulses alone. Among all 110 neurons studied, none showed any facilitative response to the presented pair of pulses at any interpulse interval tested before bicuculline application (Fig. 8a) . After bicuculline application, responses of 3 neurons were facilitated at a certain interpulse interval (Fig. 8b) such that the total number of impulses of each neuron at most interpulse intervals was always larger than the sum of the number of impulses discharged to the ®rst and the second pulses alone. Furthermore, the total number of impulses discharged at the most sensitive interpulse interval was at least 50% larger than the minimal number of impulses obtained at other interpulse intervals.
Discussion
Using the big brown bat, Eptesicus fuscus, as a mammalian model auditory system, we demonstrated in this study that bicuculline application to the recording site aected the number of impulses, response duration, discharge pattern and the recovery cycle of most inferior collicular neurons studied (Figs. 2, 3, 6 ). These data demonstrate that GABAergic inhibition contributes signi®cantly to the auditory temporal processing. Speci®cally, bicuculline application aects the discharge pattern and shortens the recovery cycle of most collicular neurons allowing them to respond to pairs of sound pulses at very short interpulse interval.
Previous studies of responses of evoked potentials and inferior collicular neurons showed that recovery cycles of inferior collicular neurons varied with the interval, intensity, frequency, and duration of two sound pulses presented at dierent interpulse intervals (Friend et al. 1966; Grinnell 1963; Pollak et al. 1977a; Suga 1964; Suga and Schlegel 1973) . While some neurons require long interpulse intervals for recovery, others recover within an interpulse interval as short as 0.5 ms. According to the interpulse interval at which a neuron shows detectable responses to the second pulse, recovery cycles of inferior collicular neurons have been described as short suppression, delayed inhibition, temporary recovery, and undelayed inhibition (Friend et al. 1966) , or poor recovery, independent-like recovery, selective recovery, and pulse-enhanced recovery (Pollak et al. 1977a) . Although the 50% recovery time for each type of recovery cycle was not described, these studies indicate Table 2 The eect of iontophoretic application of bicuculline on the recovery cycles of 110 inferior collicular neurons determined either with identical (n = 62) or pulse-echo (n = 48) pair stimuli. P-P or P-e stimulated neurons: neurons in which recovery cycles were studied with identical or pulse-echo pairs stimuli (LI long inhibition, SI short inhibition, FR fast recovery) Table 3 The eect of iontophoretic application of bicuculline on 50% recovery time of 87 inferior collicular neurons with dierent discharge patterns. Ordinary ANOVA was used to determine the signi®cant dierence in 50% recovery time among dierent discharge patterns. Paired t-test was used to determine the signi®cant dierence in 50% recovery time between predrug and bicuculline application Fig. 7 Bar histogram showing the distribution of two types of inferior collicular neurons according to their recording depths (abscissa). Un®lled bars: inferior collicular neurons whose recovery cycles were affected by bicuculline application (bic eect). Solid bars: inferior collicular neurons whose recovery cycles were not aected by bicuculline application (bic no eect) that responses of inferior collicular neurons to the second pulse can be either facilitated or suppressed. It has been suggested that the wide spectrum of recovery cycles may be due to a long-lasting and complex temporal pattern of excitatory and inhibitory inputs . It has also been proposed that the wide spectrum of recovery cycles of inferior collicular neurons might provide a mechanism for discriminating between echoes from dierent distances (Friend et al. 1966) .
In the present study, the recovery cycles of the 110 collicular neurons studied were described as long inhibition, short inhibition and fast recovery according to their 50% recovery time. Although 50% recovery times ranged from 2 to 98 ms (Fig. 4) , the 50% recovery time of most neurons (n = 89, 81%) was below 50 ms. This is comparable to the range 0.7±50.2 ms for 48 collicular neurons reported in an earlier study of the same species of bat . The 50% recovery time in this study was also used as an indication of an inhibitory period following the responses to the ®rst presented sound.
The present study shows that application of bicuculline increased the number of impulses and response duration in all but 2 neurons and changed 55 (74%) phasic responders into phasic bursters and 5 (7%) into tonic responders. Bicuculline application also shortened or lengthened the response latency of most neurons studied. Similar observations have been reported in earlier studies (Faingold et al. 1991; Johnson 1993; Park and Pollak 1993a,b) . These ®ndings probably represent the result of dierent temporal sequences of excitatory-inhibitory interactions in the neurons. For example, it has been suggested that phasic discharge patterns are due to GABAergic inhibition following the neuron's excitatory responses to sound stimulation Covey 1995, 1996; Johnson 1993; Nelson and Erulkar 1963; Suga 1964) . Shortening of response latency upon bicuculline application is due to the removal of GABAergic inhibition that precedes the neuron's excitatory response to the sound stimulation .
Bicuculline application signi®cantly aects the 50% recovery time of phasic responders or phasic bursters (Table 3) and neurons with the LI recovery cycle (Table 4 ). The LI recovery cycle is comparable to the undelayed inhibition recovery cycle or poor recovery in other studies (Friend et al. 1966; Pollak et al. 1977a) . Our data showed that most of collicular neurons (91%) with LI recovery cycle, which were signi®cantly shortened by bicuculline application, were either phasic responders (71%) or phasic bursters (20%). Whether or not collicular neurons with phasic discharge patterns and long recovery cycles receive more predominant GABAergic inputs than other neurons remains to be explored.
The present study shows that recovery cycles were shortened in 79 neurons (Fig. 6 , Ab vs Aa) and lengthened in 8 neurons (Fig. 6 , Bb vs Ba) upon bicuculline application. Shortening of the recovery cycle of a neuron upon bicuculline application is likely due to removal of the neuron's GABAergic inhibitory period after excitation thus allowing the neuron to respond to more rapidly occurring sound pulses. Local inhibitory circuits or intrinsic membrane properties may be responsible for the 8 neurons whose recovery cycles were lengthened by bicuculline application. For example, these collicular Fig. 8 Variation in the number of impulses of an inferior collicular neuron discharged to paired identical pulses (80±80 dB SPL) obtained at dierent interpulse intervals (shown by abscissa) before (a: un®lled circle curve) and after (b: ®lled circle curve) iontophoretic application of bicuculline to its recording site. The dashed and solid horizontal lines represent the summation of the number of impulses discharged in response to the pulse and echo alone before and after bicuculline application to its recording site. The BF and MT of this neuron were 32.0 kHz and 21 dB SPL neurons may receive convergent inhibitory inputs from both GABAergic and glycinergic neurons from lower auditory nuclei and the glycinergic neuron also receives a collateral GABAergic input in the form of axon-axonal synapse. In such a case, bicuculline application would remove GABAergic inhibition to both the recorded collicular neuron and the glycinergic neuron resulting in activation of glycinergic inhibition to the recorded neuron. Although future work needs to be performed to con®rm this possibility, inferior collicular neurons which receive convergent GABAergic and glycinergic inhibitory inputs have been demonstrated in bats (Casseday et al. 1994; Fubara et al. 1996; Johnson 1993; Park and Pollak 1993a,b; Vater et al. 1992) . Bicuculline application did not produce any noticeable eect on the recovery cycles of 23 neurons (Fig. 6C) . There are several possible explanations for this observation. Firstly, GABAergic inputs may contribute very little to the recovery properties of these neurons. Secondly, these neurons may receive GABAergic inhibitory inputs from neurons with tonic activity which do not respond to sound stimuli and only modulate the overall excitability of inferior collicular neurons. Thirdly, these neurons may receive predominant glycinergic rather than GABAergic inhibitory inputs.
We found that 74% of the collicular neurons in which recovery cycles were aected by bicuculline application were recorded at depths less than 1600 lm, while 70% of the neurons whose recovery cycles were not aected by bicuculline application were recorded at depths more than 1200 lm (Fig. 7) . Although it may be due to sampling bias, this ®nding would appear to be consistent with a recent study of the distribution of GABA and glycine receptors in the inferior colliculus of this species of bat. Neurons with GABAA receptors are mostly distributed in the dorsomedial region of the inferior colliculus but are sparsely distributed in the ventrolateral region which contains mostly glycinergic neurons (Fubara et al. 1996) .
During hunting a bat systematically increases the repetition rate of emitted pulses as it approaches the insect (Grin 1958; Simmons et al. 1979) . Presumably this increasing rate of pulse emission allows the bat to extract as much information as possible about the localized insect. To successfully intercept the insect, the bat's auditory neurons have to be able to process an increasing number of echoes as it approaches the insect. The recovery cycles of the auditory neurons are the most important factors determining the ability of auditory neurons to follow rapidly occurring echoes. The fact that bicuculline application aects the recovery cycles of most collicular neurons studied (Fig. 6A, B) clearly demonstrates the important contribution of GABAergic inhibition to the neuron's ability to respond to rapidly occurring pulses. Our recent studies have demonstrated that auditory cortical neurons can enhance or reduce the intensity coding, frequency tuning and auditory spatial sensitivity of inferior collicular neurons through corticocollicular pathways. Furthermore, this corticofugal regulation of acoustic signal processing can be mimicked by GABA or bicuculline application to recorded collicular neurons Sun et al. 1996) . If a bat can regulate the recovery cycle of collicular neurons through corticofugal pathways by means of GABAergic inhibition, then it can actively increase the spectrum of recovery cycles of collicular neurons and adjust the dynamic aspect of temporal processing in the inferior colliculus. Further work needs to be done to explore this possibility.
Neurons which show facilitative responses to pairs of pulses at a certain interpulse interval are called delaysensitive neurons and they are mostly reported in the auditory cortex (Dear et al. 1993a,b; Feng et al. 1978; Fitzpatrick et al. 1993; Paschal and Wong 1994; Tsuzuki and Suga 1988; Wong et al. 1992) or medial geniculate body (Olsen and Suga 1991; Wenstrup and Grose 1995) . Whereas delay-sensitive neurons were recorded in the inferior colliculus of the mustached bat (Mittmann and Wenstrup 1995; Yan and Suga 1996; Wenstrup and Grose 1995) , delay-sensitive neurons were recorded in the intercollicularis (Feng et al. 1978) or intertectal nucleus (Dear and Suga 1995) of the big brown bat. In the present study, delay-sensitive neurons were not recorded before bicuculline application. Only three delay-sensitive neurons were observed after bicuculline application (Fig. 8) . We do not know if the paucity of delay-sensitive neurons in the inferior colliculus of this bat species is due to sampling bias or to species dierences.
In summary, the present study demonstrates that GABAergic disinhibition upon bicuculline application aects the discharge pattern, number of impulses, response latency and recovery cycle of most inferior collicular neurons studied. These ®ndings support the previous claims that auditory signal processing in the inferior colliculus is heavily in¯uenced by GABAergic inhibition (Fubara et al. 1996; Casseday et al. 1994; Covey 1995, 1996) .
